the case of KrF this arrangement almost certainly resulted in an overcoupled cavity. Laser pulses from KrF had a half-width (FWHM) of approximately 25 ns which did not vary under the experimental conditions studied. The differences in the laser pulse shapes in XeF and KrF could reflect the differences in the kinetics of formation of the excited molecular states following electrical excitation of the gas mixtures as well as the differences in the stimulated emission cross sections of the two molecular transitions. Figure 2 gives a comparison of the performance of the XeF and KrF lasers obtained using similar optical cavities (total reflector and uncoated flat) in gas mixtures at a total pressure of 600 Torr without preionization. The energies plotted are the averages for five shots of the laser taken at a repetition rate of 1 S-I. The average laser energies are somewhat lower than the maximum obtained at a particular input energy due to shot-to-shot fluctuations in laser output. Input energy was calculated from the measured capacitance of the storage capaCitors (20 nF) and the dc charging voltage (20-33 kV).
The linear increase with input energy of the pulse energy from the XeF laser is typical of a pulsed laser operating above saturation intensity. An extimate of the saturation intensity for the XeF laser transitions based on stimulated emission cross sections of 5 x 10-16 cm 2 and total relaxation rates for the upper laser levels of 10 8 S-1 gives a value of -2 xl0 5 W/cm 2 • This intensity is greatly exceeded for all the points plotted for XeF. Under the assumption that the XeF laser transitions are saturated the results plotted in Fig. 2 imply that the efficiency for the population of the upper laser levels in XeF remained constant even at the highest pump energies employed in our experiments (-100 J/ liter atm).
The curve for KrF in Fig. 2 indicates that the laser was operating below saturation intensity. This result is to be expected since the saturation intenSity for the laser transition in KrF is probably an order of magnitude larger than in XeF 10 while the peak laser pulse power obtained in KrF was considerably lower than that obtained in XeF. The shape of the curve obtained for KrF indicates that significantly higher efficiency than was reached in the present experiments should be obtainable in KrF through the use of an optimized optical cavity or by operating at higher input energy. It is felt that with electric discharge pumping, lasers in both KrF and XeF with several percent over-all effiCiency should be realizable.
The authors wish to thank N. W. Harris for his assistance in analyzing the electrical circuitry used in this work and for many helpful discussions concerning the operation of the discharge device. 27, 553 (1975) . 9 p • R. Pearson and H. M. Lamberton, IEEE J. Quantum Electron. QE-8, 145 (1972) . tOorhis estimate is based on our measurements of the relative bandwidths of the spontaneous emission from the laser transitions in XeF and KrF (0.5 nm vs 4.0 nm). The lifetimes of the excited states of the two species are assumed to be equal. We report high-efficiency high-power uv generation at 266 nm by frequency quadrupling of Nd laser using two deuterated KDP crystals. An angle-tuned type-II phase-matched (eoe-interaction) deuterated KDP crystal is used for doubling 1.064 fJ.m and a temperature-tuned 90" phase-matched deuterated KDP crystal is used, for the first time, for doubling 532 nm to 266 nm. Results indicate that an average uv power of several watts with an over-all quadrupling efficiency of around 20% is obtainable, and that high peak uv power on the order of 10 GW with an efficiency of greater than 35% can be expected for subnanosecond pulses. The high peak uv power is potentially useful for fusion studies.
High-efficiency high-power coherent
PACS numbers: 42.6O. Gd, 42.65.Ft, 28.60.+5 An efficient method for generating high -power coherent uv radiation is of interest in laser-induced photochemistry in general and laser isotope separation in particular, as well as in fusion studies. ADP has been the most commonly used nonlinear optical crystal for generating tunable uv by second harmonic and param- etric generation of visible lasers. [1] [2] [3] In particular , ADP can be noncritically phase-matched for 532 nm, the second harmonic of Nd:YAG and Nd:glass lasers.
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Unfortunately, due to the relatively low damage threshold and the very narrow temperature phase-matching bandwidth of ADP, its capability for very high peak power and high average power is severely limited.
In this letter, we report the first use of a deuterated KDP crystal for doubling 532 nm using 90° phasematching. Advantages with respect to an ADP crystal include a larger phase-matching temperature bandwidth and a much higher damage threshold, two critical parameters for high-power applications. Our results indicate that an over-all quadrupling efficiency of around 20% with an average uv power output of several watts is obtainable. For nanosecond pulses, peak uv power On the order of 10 GW with an efficiency greater than 35% is expected. The high peak uv power is potentially useful for fusion studies in the uv wavelength region. Furthermore, the finite tunability when used with a Nd:glass laser oscillator may find use in areas such as laser-induced photodissociation and isotope separation.
In the experiments, a Pockels -cell Q -switched Nd:YAG and Nd:glass oscillator-amplifier system was used. Both oscillator and amplifier are slab-type facepumped lasers with Brewster end faces. The optical beam inside the active medium undergoes total internal reflection such that the optical wave-front distortion due to thermal-induced index variation is self-compensated. Furthermore, the stress-induced birefringence disappears when averaged over a path between the faces so there is no depolarization. We refer to a laser using this configuration as a face-pumped laser (FPL).6 A uniform gain across a relatively large aperture is assured with FPL technology. A diffraction-limited TEMoo fundamental beam with a cross section of 4x12 mm enters a 20x20x30-mm deuterated KDP crystal of > 98% deuteration. The crystal was cut at 53.5° to its optical axis for type-II phase matching (eoe-interaction) at 1. 064 Mm. The angular acceptance width and the effective nonlinear constant are larger for type-II phase matching than those for type-I phase matching (eoe-interaction) in KDP. These properties, together with high damage threshold and low thermal-induced phase mismatching due to optical absorption, allow a power conversion efficiency of over 50% at an incident power denSity of 100 MW Icm 2 • No surface damage on the uncoated KDP crystal was observed at an incident power level exceeding 250 MW I cm 2 with a 40-nsec pul.se (FWHM). Some bulk damage, however, in the form of filamentary tracks inside the crystal could be observed under close examination. The plane -polarized 532 -nm output is separated from the fundamental beam with a dispersive prism, A 45 0 '
Z-cut 9Q%-deuterated KDP crystal (9.5X9.5x19,3 mm) was housed inside a temperature-controlled oven and 90' phase-matched for doubling 532 nm at around 60'C. The temperature signature for the phase matching is shown in Fig. 1 . The stability of temperature of the crystal was better than ± 0.05 cc. The measured temperature bandwidth for the phase -matching AT I is 1.77 'c em, where AT is the full width at half-maximum uv output (FWHM) and I is the length of the crystal. This value is considerably larger than the value for 90 c phase-matched ADP. 7 Figure 2 shows the angular phase-matching properties when the crystal is set at various temperatures near phase matching. At the phase -matching temperature of 60. 75C, the angular acceptance width was found to be ABI =: 3. 86 mrad em, where AB is the angular full width at half-maximum uv output. When the temperature is lower than the phase-matching temperature, multiple maxima are observed. In the measurements the beam divergence at 532 nm was 0.5 mrad and the crystal was rotated about an axis that was at 45' with respect to the optical axis of the crystal.
The conversion efficiency was determined by simultaneously measuring the residual energy at 532 nm and the generated energy at 266 nm separated by a quartz prism and monitored by two calorimeters (Scientech model 38-0101). This method was found to be inadequate for measuring uv energy denSity over 0.2 J/cm 2 for 25-nsec pulses due to the surface damage of the NG-1 absorbing glass by strong uv absorption. An enhanceduv silicon photodiode (EGG uv-100A) was subsequently used for high -energy measurement and was calibrated against a calorimeter. The 25 -nsec pulse at 266 nm was measured with a photomultiplier (1P28) and displayed on a Tektronix 7904 oscilloscope. The conversion efficiency is plotted as a function of the incident power density in Fig. 3 . A conversion efficiency of 40% at an incident power denSity of 50 MW/cm 2 was measured with a peak uv power of 2.5 MW. An average uv power of around 260 mW was obtained with an efficiency of about 35% at 10 pps. There was no significant decrease in uv power output due to thermal-induced 34 Appl. Phys. Lett., Vol. 29, No.1, 1 July 1976 phase mismatching by absorption at an incident average power level near 1 W at 532 nm. The maximum average power obtained in these experiments was limited both by the average power then available at 532 nm and by a clear aperture used with the second crystal, which transmitted only a fraction of the unfocused 532-nm beam. It is reasonable to expect that an average uv power of several watts can be generated by this method using presently available lasers and crystals. For subnanosecond pulses the maximum attainable peak uv power will be limited by the crystal damage threshold of KDP at 1. 06 11m, for which a value of 23 GW /cm 2 has been reported. 5 It is interesting to point out that peak uv power on the order of 10 GW could be obtained by quadrupling a subnanosecond Nd:glass laser with present laser sources and crystal availabilities. 8 In summary, we have shown that the combination of two deuterated KDP crystals for successive doubling of Nd:YAG and Nd:glass lasers is the most efficient quadrupling method for generating a high -power coherent uv source. Such capabilities can be useful for fusion studies and laser isotope separation work.
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